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Perfluorinated alkyl ocids (PE~As) have teen U93d for da:adEs 
in a variety of industrial and com!'l"Brcial products, such as 
coating:; for textilES and papers or firefighting foorrs, due to 
their water- and oil-repellent propertiES combined with their 
stabilityY However, some of thESe propertiES also contribute 
to making PFAAs problerrntic environmental contaminants. 
They are not known to dEgrade in the environment3 and thus 
can be found ubiquitously in, for instanre, surfa::E water and 
wildlife.4

-
6 PFAAs have teen detected in human blood and 

bra:st milk7-10 which is of concern because SOI'l"B PFAAs have 
teen proven or are suspected to have adverse efi::cts on human 
and animal hoolth.11

-
13 Little is known so far about how 

humans are exposad. E:xpffiure risk ~t identified the 
human diet to be one of the major sourCES of PFAAs in the 
human body.14

-
17 Although a considerable amount of data is 

available on PFAA conrentrations in and sourCES of drinking 
water18

-
20 and aquatic organisrrs?1

-
23 little rESEErch has teen 

done so far on crop:;. 
Food analysis studiES16

•
24

•
25 and a s:;reening study of 

VEgetablES in Europe by Herzke et al.26 have shown that 
crop:; are contaminated with PFAAs, whereby conrentrations in 
difurent VEgetable subgroup:; (e.g., IEEfy VEgetablES or bulb 
VEgetablES) were ol:mrved to be similar. In a recent dietary 
exposure study by Klenow et al.? VEgetablES were identified to 
be the most important food catEgOry for exposure to PFHxA 
and PFOA, with up to 69% of the total exposure coming from 
VEgetablES, depending on the location. Furthermore, studiES 
with cattle have shown that PFAAs can be taken up by cattle 
from feEd, thus IESding to a grondary exposure pathway from 
contaminated crop:; to humans via dairy products and rn:at.28

,2
9 

One possible sourre of PFAAs in crop:; is contaminated soil. 

© 2014 American Chemical Society 3334 

Stahl et al. grew saveral crop:; (mainly cerools) in soil spiked 
with perfluorooctane sulfonate (PFOS) and perfluorooctanoic 
ocid (PFOA).30 They found a concentration-dependent uptake 
into plant tissuES and higher conrentrations in the stra.tv of the 
plants than in the storaJe organs (e.g., tubers, oors). Roots and 
IEEVES were not anal)l28d in their study. Lechner and Knapp, 
who inVEStigated the carry-over of PFOS and PFOA from soil 
to carrots, potatOES, and cucumbers, also found higher 
conrentrations in the VEgetative parts of the plant than in the 
storaJe organs.31 They also confirmed the sorption to the 
potato tuber pool that Stahl et al. reported. Yoo et al. 
inVEStigated the uptake of PFAAs in gra::s growing on soil that 
had bEen amended with biosolidscontaining PFAAsand found 
an 6<p()nential decra:re of gra::s/soil occumulation foctors with 
incra:sing carbon chain length?2 Two other soil-related studiES 
have bEen published by Stahl et al.33 and Wen et al.34 Both 
studiES focus on rerESis. Stahl et al. inVEStigated the IESching of 
the compounds in their lysil'l"Bter study over 5 yoors with 
repESted growing of rerESI plants. However, no transfer foctors 
(TFs) and no data on soil propertiES were prESented in their 
study. Wen et al. gre.rv whESt on biosolid-am=mded fields and 
calculated TFs. They found the highESt TFs for the roots for all 
compounds and decra:sing TFs with incra:sing carbon chain 
length. In a previous study we inVEStigated the root uptake and 
translocation of PFAAs to foliqJe in hydroponically grown 
letture.35 PFAAs were retained mostly in the roots, with the 
exception of the short-chain compounds. Root/nutrient 
solution concentration foctors were highESt for the long-chain 
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PFAAs, whereas foliaJe/root conrentration foctors were lovvest, 
and it wa:, concluded that rorption to root surfa:E tissue wa:, 
the major uptake m:dlanism for the long-chain PFAAs. 
Rerently rome more mechanistic uptake studiES have bEen 
published, inVEStigating the influence of abiotic parameters, 
such as pH valUES or temperature,36

•
37 and inVEStigating the 

influence of metabolic inhibitors on the uptake.38 The:e studiES 
have bEen conducted with maize and wheat plants. Although 
thEre studiES provide rome initial insights into plant uptake of 
PFAAs from roil, there is still limited mechanistic under­
standing of the uptake, how it is infh..enced by the propertiES of 
the PFAAs and the chara:;teristics of the plants, and how the 
PFAAs are distributed betvveen diment plant tiSSUES. 

The goal of the pre:ent study wa:, to inVEStigate the uptake of 
PFAAs and their distribution in difurent plant parts. To that 
end thrre cror:s were grown hydroponically in a grrenhouse. A 
hydroponic system wa:, used ro that the water uptake could be 
rEa:lily monitored and the bioavailable conrentrations of the 
PFAAs in the root zone could be diroctly rn:asured. Further 
advantcg:s are the controlled supply of nutrients, which 
together with the controlled light conditions ensurES an 
optimal growth. A limitation of hydroponic studiES is that 
they do not include the efi3ct of roil on modulating chemical 
availability. A further dra.Nback is that the nutrient rolution has 
to be renewed rEgularly, which can lEa:! to variability in 
exposure conrentration for surfcre octive chemicals such as 
PFAAs. 

The cror:s were chcmn to repre:ent a variety of physiology. 
Tomato is a fruit-l:mring crop of economic importance. 
Zucchini is another fruit-l:mring crop belonging to the family 
of Cucurbita:ma, which has bEen shown to have a unique 
capability to transfer rome hydrophobic organic contaminants 
from roots to shoots?9

·
40 CabbaJ8 is an important crop of 

which part of the IEEVES (the cabbaJ8 hEa:l) is EEten, and IEEVES 
were hypothESized to be a plant tissue that would amass high 
conrentrationsofshort-chain PFAAs. A set of 11 perfluorinated 
carboxylicocids (PFCAs; carbon chain length from C4 to C14) 
and 3 perfluorinated alkyl sultanatES (PfS6.s; C4, C6, and C8) 
wa:, selected to provide a broad foundation for cm:ssing the 
influence of chemical propertiES on PFAA uptake and 
distribution. V\lhen harVESted, the plants were divided into 
roots, stans, IEEVES, and edible parts (tomatOES, zucchinis, and 
cabbaJ8 hEa:ls) to 6<plore PFAA distribution within the plant. 
In tomato and zucchini, the stem tissue we£ further divided into 
the main stem (called "stem") and the tissue connocting the 
main stem to the IEEVES ("twig3'') to provide more spatial 
re:olution in the study to the transport of the PFAAs from the 
roots to the above-ground plant parts. 
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Chemical Reagents and Laboratory Materials. All chemicals 
t..red in this study were of the highEst quality and purity available. The 
abbreviations, suppliers, and purities of the chemicals can be found in 
Table S1 of the Supporting lnforrration (SI ). 

Materials t..red for extra::tion and clesnup of the s:rnples included 
Florisil s=t cartridges (1000 rrg, 6 ml) from Applied ~rations 
(Allentown, PA, USA..), Oasis WAX 3 cm3 SPE cartridges (00 rrg) 
from Waters (Wexford, Ireland), and SupelciESn ENVI-Carb 120/140 
from Supelco (Bellefonte, PA, USA..). Polypropylene (PP) tul:::es (50 
and 15 ml) with '2/::,rew caps were purclla:Ed from S3rstedt 
(Nutnbrecht, Gerrrany); PP vials (2.0 and 0.3 ml) were purcllaxd 
from VWR International (Amsterdam, The Netherlands). Acrodis:: 
LC13 GHP Pall 0.2 J..lm filters were obtained from Pall Corp. (Port 
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Washington, NY, USA..). The 10 L PP buckets were a::quired from 
Harcotom (Purrrerend, The Netherlands). 

Plant Culture and Exposure Experiments. The uptake study 
1/'-/i£ perforrred in a greenhm.re (14 h of light). The plants were 
pregrown in SJil until the ~ IEEVES (cotyledons) were fully 
developed (BBCH stcge 10). The SJilll'-li£ carefully l/'-li£hed off before 
the plants were transferred to the hydroponic system, where only the 
roots of the plants were expa:a:l to the nutrient SJiution. The system 
is c:!e:cribed in more detail in our previous study. 35 Tomato (S:>Ianum 
l)a+ersiam var. Moneyrraker) plants were grown in hydroponic 
SJiutions with nominal concentrations of 10, 100, 1000 and 10000 ng/ 
L for ea::h PFM l3ecaL.re the highEst spiked concentration for 
tomatoes resulted in very high concentrations in plant p3rls, the 
zucchini (Cu::urbita p::p:> var. Block 863uty) and cabb::ge (Bra:sica 
olera:m convar. capitata var. alba) plants were expa:a:l to 10, 100, 500, 
and 1000 ng/L For ea::h plant a 10 L bucket 1/'-/i£ filled with 8 L of 
Hoa;:Jiands nutrient SJiution ( s:E Table S2 in the Sl for composition) 
and spiked with 100 J..ILIL of the resp:!Ctive PFM stock SJiution. Six 
replicates per concentration were t..red for cabb::ge and tomato, 
whereas only four replicates could be t..red for zucchini due to their 
size. Two plants of ea::h spocies were grown in unspiked nutrient 
SJiution a; blank controls, and two pots without plants were t..red for 
~ration rrmsurements. 

The plants were randomly distributed in the greenhot..re room, and 
plant growth and water uptake were determined by weighing. The 
zucchini and tomato plants eventually grew too big to be moved, SJ no 
reN randomization of the plant distribution 1/'-/i£ possible from then 
on. Furthermore, the tomato plants grew too big to be supported by 
the available equipment and had to be cut beck from time to time. 
S:rondary shoots were continuously removed a; well. Thus, for 
tomato only the lower plant p3rts were analyzed. Pruning of tomato 
side shoots is a common pra::tice and 1/'-/i£ done a; S)Qn a; the 
s:mndary shoots were noticeable. The trimming of the top p3rt of the 
plants 1/'-/i£ necessary and done for all plants at the sare height, SJ that 
individual diflerences between plants were minimized. In total, the 
cutoff biorra:s for ea::h plant 1/'-/i£ much less than the total biorra:s of 
the plants at the end of the experiment. We do not expect that the 
pruning and trimming had an influence on the uptake of PFAAs. 

During the experiment the nutrient SJiution needed to be renEM!ed 
~I times due to the water uptake of the plants. This 1/'-/i£ done by 
repla::ing the buckets with new buckets containing freshly prep3red 
spiked nutrient SJiution. Diflerences between the uptake of water and 
the uptake of PFAAs mESnt that the PFM concentrations charged 
s:xrewhat during the experiment. With decra:sing water levels in the 
buckets, the PFM concentrations in the SJiutions can significantly 
incra:re. We c:!e:cribe below how we deslt with theE complications. 
On avercge, the tomato plants took up 46.7 L of the nutrient SJiution, 
the cabb::ge plants 24.6 L, and the zucchini plants 41.4 L 

Tomato and zucchini fruits were harvested when they were ripe. 
Other plant p3rts were collected for analysis only after the experiment 
1/'-/i£ stopped. Cabbage plants were divided into roots, stem, 16311€S, and 
h63d. Tomato and zucchini plants were divided into roots, stem, twigs, 
IEEVES, and fruits. Table S3 in the Sl lists start and end dates of the 
growth experiment a; well a; dates of renewal of the nutrient SJiution 
and harvest dates of tomato and zucchini fruits. S3mples were stored at 
-20 oc until extra::tion. No diferences in plant growth were ol::rerved 
between the different spiking levels, and there were no visible efB::ts of 
the compounds on the plant hESith ( dis::oloring, spots). Not all of the 
cabbcgEs survived until the end of the experiment, but at la:st three 
plants of ea::h concentration survived. In total, 7 of 26 cabb::ge plants 
were lost. Cabbage survival 1/'-/i£ independent of the spiked 
concentration, and fatalities were most likely cat..red by the 
temperature in the greenhot..re. The optirrnl temperature range for 
cabbage is between 15 and 20 °C. Temperatures above 25 °C, which 
were experienced for s:Neral days during the cabb::ge growth pha:E, 
can leal to inhibited growth and dropping of the outer 16311€S, which 
1/'-/i£ ol::rerved for all cabb::ge plants in the experiment. 

Extraction. After the plant s:rnples had been l/'-li£hed with 
demineralized water, the rrnterial 1/'-/i£ dried superficially and 
homogenized with a hOL.rehold blender (Braun Multiquick MX 
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2050). The extra::tion rrethod L.S:d is l::>a:Ed on the rrethod of 
VEStergren et al.,41 which is a rnodiftcation of the rrethod published by 
Hansen et al.42 Briefly, 10 g of the homogenate '-Nffi weighed in a 50 
ml PP tube and spiked with 111335-labeled surrogate standards. After 5 
ml of0.4 M NaOH SJiution '-Nffiadded and vortex-mixed, thes:rnpiES 
\/\ere left in the refrigerator overnight to allow the internal standards to 
distribute in the plant matrix. Next, 4 ml of 0.5 M TBA SJiution and 5 
ml of a carbonate buffer (0.25 M Na;zC03/NaHC03 ) \/\ere added to 
the s:mpiES and thoroughly mixed. After the addition of 10 ml of 
MTBE and vortex-mixing for 1 min, the s:mpiES \/\ere SJnicated for 10 
min. Phcre ~tion '-Nffi a::hieved by centrifuging for 10 min at 3000 
rpm. The MTBE pha:E '-Nffi transferred to a new 50 ml PP tube and 
the extra::tion repa3ted two timES. The extra::ts \/\ere combined and 
concentrated to approximately 2 ml using a R3pidvap (Labconco 
Corp., Kans35 City, MO, USA.). Florisil SPE-cartridg€5 \/\ere prepared 
with 1 g SJdium sulfate on top and conditioned with 10 ml MeOH 
and 10 ml MTBE before they \/\ere loaded with the extra::t. The 
elution of the nonpolar matrix '-Nffi done with 10 ml of MTBE before 
the target compounds \/\ere washed off the cartridge with 10 ml of 
MeOH/MTBE (30:70, v/v). This extra::t '-Nffi cg3in evaporated with 
the R3pidvap to 1 ml final volurre. An additional cl6311up step 
following the Powley rrethod with ENVI-Carb '-Nffi added when the 
final extra::t '-Nffi still strongly colored.43 

Nutrient SJiution s:rnpiES \/\ere extra::ted with Oa;is WAX..::FE 
cartridgES, except the s:rnples from the 10 J-19/L variant for tomato, 
which V~.ere directly injected. Betll'..een 20 and 150 ml of s:rnple, 
depending on the nominal concentration, \/\ere spiked with internal 
standards and pa:s:d through the cartridgES, which had been 
conditioned with 2 ml of 0.1% NH40H in MeOH (v/v) and 3 ml 
of Hp. The 103ding speed '-Nffi ~t to not excre:l 2 drops per ~nd. 
After the loaded cartridge; had been washed with MeOH I Hp ( 40:60, 
v/v), they \/\ere dried under va::uum before the PFAAs \/\ere eluted 
two time; with 500 !JL of 2lfo NH40H in MeOH (v/v). 

All final extra::ts \/\ere pa:s:d through an Acrodis:: LC 13 GHP Pall 
nylon filter into 2 ml PP vials and stored at 4 oc until analysis. 

Analysis. The analysis '-Nffi performed on an HPLC system (LC-
20AD XR pump, SIL-20A autaxrnpler, and SCL-10A VP system 
controller, Shirra:Jzu, Kyoto, J3pan) coupled with a tandem mES 
spectrorreter (4000 QTrap, Applied Biosysterrs, Toronto, Cana:la). 
The HPLC '-Nffi equipped with a precolumn (Pathfinder 300 PS-C18 
column; i.d., 4.6 mm; length, 50 mm; particle diarreter, 3 JJm; 
Shirra:Jzu, Duisburg, Germany) prior to the injection valve to remove 
potentiall::cd<ground contamination. An ACE 3 C18-300 column ( i.d., 
2.1 mm; length, 150 mm; particle diarreter, 3 JJm; Advanced 
Chromatography Technologies, Aberdeen, S::otland) '-Nffi L.S:d for 
~ration and maintained at 30 °C. The mES spectrorreter '-Nffi 
equipped with an electrospray ionization interfa::e, operating in the 
neg3tive ionization mode, and '-Nffi run in the ~uled MRM mode. 

The purified extra::ts \/\ere diluted 1:1 with H20 prior to analysis to 
match the initial cornpa;ition of the mobile pha:E of the HPLC. A 
volurre of 20 JJL '-Nffi injected. The mobile pta::E consisted of two 
eluents, A (40:60 MeOH!Hp, v/v) and B (95:5 MeOH/H20; v/v; 
both with 2 mM ammonium a::etate). The gra:lient L.S:d for ~ration 
and the mES transitions as V~.ell as other mES spectrorreter ~tting; 
can be found in the Supporting Information. RaN data \/\ere proces:Ed 
with Analyst SJftware 1.5 (Applied Biosysterrs). 

Quality Assurance and Control. Rep:Eted extra::tion of as:rnple 
shOVI.ed that the standard deviation of the concentrations betll'..een 
extra::tions '-Nffi <1CP/o for all analytES (n = 5, ~Table S5 in the Sl ). 
Consequently, the s:rnpiES \/\ere extra::ted once and injected in 
duplicate. 

The concentrations \/\ere quantified using a 12-point calibration 
with fitted correlation linES that had an R2 value of >0.99 for all 
analytES (no weighting '-Nffi applied). 

Our laboratory also participated succ.essfully in various interlabor­
atory studiES (~. e.g., ref 44 ). For further information on quali1¥ 
CESUrance and quality control rre3SllrES, ~also our previous study. 

In this study the ~ recovery of the internal standards '-Nffi 
between 48% (PFBA) and 97% (PFDoA). Recoveries were 
determined by comparison with matrix extra::ts spiked with 111335-
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labeled standards prior to injection. Interestingly, SJrre matriCES 
affected the signal of the compounds quite intensively. ~ hesd 
and zucchini roots, for exanple, reduced the PFBA signal by up to 
8CP/o. Signal enhancerrent on the other hand '-Nffi at mast 12lfo. S:!e 
TablES 33 and S7 in the Supporting Information for detailed 
information on recoveries and matrix efB::ts for all compounds and 
all matrices. 

Limits of quantiftcation ( LoQs) (Table S8 in the Sl ) \/\ere calculated 
on the basis of the lOWESt validated calibration standard (signal to 
nore ratio;::: 10). The LoQ '-Nffiderived from theanalytemES injected 
s::aled up to an extra::t volurre of 1 ml and divided by the avercge 
extra::ted s:rnple quantity for the matrix. Method blanks \/\ere prepared 
repa3tedly with the s:me extra::tion procedure as the s:rnples, but 
shOVI.ed no quantifiable contamination. Solvent blanks \/\ere injected 
every 10 injections to check for contamination from the LC system 
and for rremory efB::ts, but no contamination or rremory effects \/\ere 
ol::rerved. 

Ba::kground concentrations \/\ere taken from plants growing in 
nonspiked nutrient SJiution (n = 2) and L.S:d to correct the PFAA 
concentrations found in spiked experiments by subtra::tion. Any 
rESUlting concentrations below the LoQ \/\ere neglected. 

The nonbranched (further referred to as "linesr PFOS (L-PFOS)") 
and branched isorrers of PFOS \/\ere quantified ~rately, CESUming 
equal re;po~ fa::tors for branched and nonbranched isorrers. 
Branched isorrers for other PFAAs \/\ere also ol::rerved but \/\ere not 
quantified. 

Data Analysis. Uptake fa::tors calculated from the data \/\ere 
evaluated for outliers using box plots with SigrnaPiot (Systat Software, 
Inc., Chiccgo, IL USA.). Outliers and value; below the LoQ \/\ere not 
included in data interpretation. Statistical analysis of the data '-Nffi 
performed using IBM s:Jffi 21 (IBM, Armonk, NY, USA.). Ore-1/'-/af 
analysis of variance (AN OVA) in combination with the Tukey tESt '-Nffi 
conducted to CEXSS the signiftcance of differencES betll'..een spiking 
levels and plant species. t tESts \/\ere performed to evaluate the 
diferenCES betll'..een compounds. All statements regarding differenCES 
in this study are l::>a:Ed on a signiftcance level of p < 0.05. 

1111111111111111. 

Be:atse there is no evidenre for microbial, physical, or any 
other dEgradation of PFAAs, we consider the brESkdown of the 
PFAAs to have boon nEgligible in all matria:s analy.zed. 

PFAA Concentrations in Nutrient Solution. With 
incra:sing water uptake the nutrient solution in the hydroponic 
system WC£ depleted. When there WC£ only a small volui"TB left, 
high PFAA conrentrations were rn:asured that frEquently 
exa:eded the nominal spiked concentrations. There are two 
possible explanations. (I) fls derribed in our previous stud?' 
and also shown by Reth et al.,45 PFAAs a:;cumulate at the air­
water interfere. This ha5 boon ol:mrved to be particularly 
pronounced for long-chain PFAAs. When only a small volui"TB 
of water WC£ left in the bucket, it WC£ not possible to avoid 
sampling sorre surfa:E water. This would have led to sampling 
of PFAAs that had accumulated at the water-air interfere, 
which may have rESUlted in ele.rated concentrations in the 
sample. (II) The plants may take up water more effciently than 
they take up PFAAs. This would have rESUlted in an enrichment 
of the compounds in the water and thus higher concentrations 
with tii"TB. 

For the tomato, zucchini, and cabtaJe plants, the nutrient 
solution volum:s at the tii"TB of sampling went down to a 
minimum of 113 mL To calculate uptake factors, we 
determined averaJ8 PFAA concentrations in the bulk solution 
that the plants had boon expa;ed to during the entire period of 
exposure. To interpolate the concentrations in tii"TB and 
between pots, the following Equations were U93CI to calculate 
the nominal and bulk PFAA concentrations for a:dl day: 
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(i,om(t) = 

(Cnom(t-1) X \t(t-1))- ((\t(t-1)- \t(t)- 1/,vap) X fx Cbulk(l-1) 

\t(t) 

(1) 

C - Cnom(t) X \t(t) 

bulk(!) - \t(t) + K X A X 1000000 (2) 

f is the eft:cti\lellEffi of the plant's uptake of the PFAA with the 
nutrient solution, K is the interfere to bulk solution partition 
ooefficient (m), Vis the volui'T"B of nutrient solution (rri\ and 
A is the arEE of the air/nutrient solution interl"cre in the bucket 
(rrf). TheaveraJ8 bulk concentrations in thespikecontrol pots 
were used as the initial values of Ctulk and (together with the 
nominal conrentrationsand A) to calculate K. For a:dl PFAA 
and plant spECiES, f was then fittEd q:Jainst the anount of PF AA 
taken up by the plant (i.e., f was ch093fl such that the I'T"Bdian 
quotient of the predictEd and rn:asured rre;s of the PFAA in 
the plant was Equal to 1 ). For tomato, where the total amount 
of PFAA taken up was not rn:asured, we EStimatEd the total 
anount by using the conrentrations for the lower plant parts 
also for the mid and top plant parts. The rESUlting values for f 
for tomato were similar to the onES for cab1:BJe and zucchini. 
The water conrentrations calculatEd for the sampling days were 
quite clcre to the rn:asura::l water concentrations. The daily 
conrentrations EStimatEd in this manner were used to calculate 
avetq:Je bulk conrentrations weightEd with the water volui'T"B 
transpirEd by the plants. ThEse bulk concentrations were 
employed to calculate plant tissue conrentration foctors (SEe 
below). 

Roots. ThePFAA uptake in the roots was~ using the 
root conrentration foctor (RCF). The RCF was definEd as the 
ratio between the conrentration of a compound in roots and its 
bulk conrentration in the nutrient solution to which the roots 
were exposed :46 

concn in root (rg/g PN) 
RCF = ---------­

concn in nutrients:>lution (rg/ml) (3) 

Over a broad conrentration range, a linear relationship 
between exposure conrentration and uptake of PF~ was 
ol:rerved by Stahl et al.30 and in our previous study.35 We 
therefore avetq:Jed the RCFs from the difurent exposure 
conrentrations. If the ANOVA-Tukey tESt showed that the 
RCF from a given exposure conrentration was significantly 
difurent from all other exposure conrentrations, then this value 
was excludEd from the calculation of the rrmn RCF. For 
tomato, PFDoA, PFTrA and PFTeA had significantly lower 
RCFs at the highESt spiking le.tel tESta:! (10000 ng/L). This 
was not ol:rerva::l for cab1:BJe and zucchini, which may be due 
to the lower rrnximum spiking le.tel tESta:! (1000 ng/L). We 
also observed lower RCF valuES for long-chain PFCAs 
(ESpeCially PFDoA, PFTrA, and PFTeA) in the 10000 ng/L 
spiking le.tel in our letture study, where we concludEd that the 
non I i near uptake was caused by the non I i near adsorption of the 
compounds to the root surl"cre.35 For cab1:BJe the lowESt 
spiking conrentration rESUltEd in significantly higher RCFs for 
PFOA PFNA, PFDA, and Br-PFOS than for the other spiking 
concentrations. For zucchini the RCF for PFDA was 
significantly higher for the lowest spiking le.tel than for other 
spiking levels. We have no explanation for thEse observations. 

The RCFs for the PFCAs generally incra:sed markEdly with 
incra:sing chain length between PFBA and PFUnA and were 
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quite similar for PFUnA through PFTeA (Figure 1 ). TheRCFs 
for the PFS6.s generally incra:sed with incra:sing chain length 

1000 

Figure 1. Root concentration fa::tors (RCFs) for c.abtxge, zucchini, 
and torrato [ (rg g-1)/ (ng ml -1)]. The rre3l1 RCFs fromea::h spikirg 
level were avercged, whereby outliers V~.ere excluded (s:e text). Note 
the lqJarithmic s::ale. The error tars denote the standard error. 
--·····--···--------------

for all speciES. Difurent rn:asurES of hydrophobicity also 
incra:rewith incra:singchain length (SI TableS14),suggESting 
that the magnitude of root uptake may be determinEd by the 
hydrophobicity of the PFAA. HOWENer, for PFCAs with C > 11 
the RCFs do not incra:re further, and hydrophobicity foctors 
are not available for PFTrA and PFTeA, so it cannot be said 
with certainty that the root uptake is related to the 
hydrophobicity alone. The relationship between RCF and 
PFAA chain length is very similar to the relationship otrerva::l 
for lettuce in our previous study. The most pronounca::l 
difurence is that letture showEd a minimum RCF for PFHxA, 
whera:s the thrre speciES studiEd here did not. 

For the lettuce study we d iro..tS93CI two I'T"Bchan isms for root 
uptake: sorption to the tissue betwEen the root surl"cre and the 
Casparian strip and uptake across the Casparian strip into 
va:cular root tissue. We concludEd that for letture sorption to 
root surl"cre tissue is the dominant proa:ss for root uptake of 
the long-chain PFCAs, whera:s for the short-chain PFCAs and 
PfS6.s uptake across the Casparian strip into the va::cular root 
tissue might be Equally or more relevant.35 Further support for 
this explanation can be found in the rESUlts prESentEd below, 
which show that the stem conrentration foctors (SCFs) of 
PFDA are more than an order of magnitude laB than the RCFs, 
even though PFDA has IEEf concentration foctors that are 
comparable to the short-chain PFCAs. Should uptake ocross the 
Casparian strip into va::cular root tiffiue be the primary root 
uptake I'T"Bchanism, one would expect the RCF and SCF to be 
similar if the va:cular tiSSLE in the roots and stem had similar 
sorption capocitiES for PFDA. The foct that the SCF is much 
smaller suggESts that the sorption capocity of the root va:cular 
tissue must be much grEEter than the sorption capocity of the 
stem va:cular tiSSLE or that sorption to the tissue between the 
root surl"cre and the Casparian strip is an important root uptake 
I'T"Bchanism for PFDA. 

Above-ground Plant Parts. The distribution of PF~ in 
the plant was a5SES93d using various concentration foctors. 
Conrentration foctors for a:£h plant part (stem, IEEVES, twigs 
for tomato and zucchini, and Edible parts) relative to the 
nutrient solution were calculatEd in the S8I'T"B way as the RCF 
and narrl3CI analogously stem concentration foctor (SCF), IEEf 
concentration foctor (LCF), twig concentration foctor (TCF), 
and Edible part concentration foctor (ECF). Additionally, 
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conrentration fcd:ors ootwren plant parts (e.g., edible part/ 
stem) \t\ferecalculated to obtain insight into the translocation of 
the compounds within the plants. 

Stem. All spECiES ha:l SCFs >1 for most of the compounds 
with the exreptions of PFBA, PFTrA, and PFTeA for zuochini 
and PFHpA, PFTrA and PFBS for cabbage. The SCF for 
PFTeA for cabbage could not oo calculated bocause the 
conrentrations in the stem were oolow the LoQ (Figure 2). 
SCF valUES >1 denote an aocumulation in the stem. The SCF 
valUES \t\fere in general much lower than the RCF valUES. 

16 

Figure 2. Stem concentration fa::tors (SCFs) for cc:bb:ge, zucchini, 
and t01113to [[(ng g-1)/(ng ml-1)]. The rrffil1 SCFs from ea::h 
spiking level \/\ere~- The error tars denote the standard error. 

The ITlC{Initude of the SCF is expECted to depend largely on 
(I) the amount of PFAA ooing delivered by the transpiration 
stream from the roots and (II) the balanre ootwren retention of 
the PFAA in stem tiffiue versus further translocation with the 
transpiration strEml to twigs and leave>. Lower SCFs \t\fere 
ol:served for the short-chain PFAAs (Figure 2). An explanation 
could oo that the short-chain PFAAs do not partition as 
strongly into the stem tiffiue as their longer chain analogUES. 
This could rESUlt in them not ooing retained in the stem tissue 
to the sarre extent, but rather ooing translocated further into 
other plant tiSSUES. The higher SCF valUES of the C8-C11 
PFAAs on the other hand can likely oo explained by 
comparatively stronger sorption of the compounds on the 
stem tissue, rESUlting in stronger retention in the stem tissue 
and lESS translocation to twigs and IEEVES. An incra:re in 
organic matter/water partition coefficients with increcsing 
PFAA chain length has teen reported, for E003111ple, for 
93Ciiment.47 Also, experirrentally determined hydrophobicity 
foctors as \t\1811 as modeled Kow valUES have teen ol:served to 
incra:se with incf"Effiing chain length48

•
49 (SI Table 814 ). 

Therefore, it is not surprising that longer chain compounds are 
more retained in the stem tissue than short-chain compounds. 

All three plant spECiES showed a sharp decra:re of the SCF 
for PFC~ with a chain length longer than C11. This is an 
indication that the translocation of thEre chemicals through the 
roots is considerably lESS efficient. One explanation could oo 
rEStrictions on the ability of long-chain PFC~ to crOffi the 
Casparian strip. Another could oo stronger partitioning of the 
long-chain PFC~ out of the xylem into the va::cular tiffiue of 
the roots (338 discussion under Roots above). 

The low SCFs for the long-chain PFC~ also strengthen the 
argument for sorption tosurfoce tiffiue being the dominant root 
uptake rrechanism for thEre sul:stancES. WherEffi the long­
chain PFC~ ha:l very low SCFs, they ha:l the highESt RCFs. 
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Consaquently, only a very small portion of the long-chain 
PFC~ in the roots was translocated to the stem. 

Twigs. Twigs are pre;ent only in tomato and zuochini, 
bocause the IEEVES of cabbage grow directly on the stem. The 
twigs of zuochini are actually elongated IEEf stalks (petiolES), 
but bocause of their size they \t\fere analyzed separately from the 
IEEf. The relationship ootwren TCF and PFAA chain length was 
quite similar to the pattern ol:served for SCF, with the 
exreption of PFBA and PFBS for tomato, where TCFs \t\fere 
much higher than SCFs (SI Figure 82). Furthermore, the twig/ 
stem concentration foctors (SI Figure S3) \t\fere close to 1 for 
most of the PFAAs with the notableexreptions of PFBA (3.3 in 
zuochini and 4.0 in tomato) and PFBS (4.0 in tomato). The 
explanations given for the SCFs can also oo applied here. 

Leaves. TheLCFs\t\fere>1 in all plantspe:ciESforall PFAAs 
exrept the long-chain PFC~ (Figure 3). This shows that all 
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Figure 3. LEEf concentration fa::tors ( LCFs) for cc:bb:ge, zucchini, and 
t01113to [[(ng g-1)/(ng ml-1)]. The rrffil1 LCFs from ea::h spiking 
level \1\efe ~- The error tars denote the standard error. 

three plant spECiES translocate all PFAAs exrept the long-chain 
PFC~ to the IEEVES and aocumulate them there. One 
remarkable fEature of thEre rESUlts is the similarity in the 
LCF valUES in a given plant for all compounds exrept the 
PFC~ >C10. The LCF valUES vary by a foctor of <2 in both 
cabbage and zuochini. This indicatES that the efficiency of thEre 
two plants at transferring the chemicals from nutrient solution 
to the IEEVES is relatively independent of the physical chemical 
propertiES within the property range bracketed by PFBA and 
PFDA/PFOS. Tomato shows a slightly difi:rent pattern with a 
rrnximum for PFOA and a pronounced minimum for PFPeA. 
The much lo\t\ler LCF valUES for the PFC~ >C10 for all plants, 
de;pite their high RCF valUES (Figure 1 ), St.JOOESt that thEre 
sul:stancES are not transported eftlctively from the roots to the 
leave>. This was alrEa:ly indicated by the SCF and TCF rESUlts. 

There were systematic difurena:s in the LCFs ootwren the 
plants; for zuochini and tomato they \t\fere on average 4.02 and 
1.78 tim:s higher, rESpECtively, than for cabbage (with the 
exreption of PFPeA in tomato). Factors that could influenre 
the LCF include the amount of water transpired (higher 
transpiration would oo expECted to incra:re LCF) and IEEf 
biorre;s (a high IEEf biorre;s would tend to decra:se LCF). 
Ho\t\fever, no correlation could oo found ootwren LCFs and 
transpiration volum:s, IEEf biorre;s, or the quotient of thEre 
two pararreters. The LCF is the rESUlt of more complex 
interactions among difi:rent plant tiSSUES. More rrechanistic 
insight into this is provided later. 

Compared with the concentration foctors of the other above­
ground parts of the plants, the IEEVES show the highESt 
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conrentration foctors for most of the compounds. The rna;s 
distributions of the chemicals betwren the diterent plant 
tissuEs show that of the above-ground tiSSUES, the IEEVES alro 
store the largESt rna;s of all of the PF ~ (with the exreption of 
PFPeA in torrnto, Table 1 and TablES S9/S10 in the Sl ). This 
-~~~~----~~~---~-~---~-----

Table 1. Mass Distribution of PFAAs in Different TissuES of 
Torrnto Plants, ExprESSed as Percent of the Total Amount of 
PFAA Taken up by the Planta 

PFBA 

PFPeA 
PFHxA 

PFHpA 

PFOA 

PFNA 

PFDA 

PFUnA 

PFDoA 

PFTrA 

PFTeA 

PFBS 
PFHxS 

Br-PFOS 

l-PFOS 

aVaiUES shown are averc:g:s from all plants. 

can be explained by the transpiration occurring in the IEEVES. 
The PF~ are translocated to the IEEVES in the transpiration 
stra:rn; there the water transpirES and the PF~ rerrnin as 
rESidUES in the IEEVES, where they occumulate. 

Edible Part. In the edible part (i.e., ~ hEa:l and 
torrnto and zt..KX:hini fruits), no conrentrations were detocted 
above the LOQ for the long-chain PFC~ (C12-C14), not 
even at the highESt tESted exposure conrentration (Table 811 in 
the Sl ) . Consaquently, no uptake foctors could be calculated for 
thEre compounds. 

The ECFs (Figure4) were highESt for the short-chain PFC~ 
and docra:se with incf"Effiing chain length. Zucchini fruits were 
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Figure 4. Edible part concentration fa::tors (ECFs) for c.ciJbi:ge, 
zucchini, and torrato [[(ng g-1)/(ng ml-1)]. The rT163I1 ECFs from 
a:d1 spiking level were atereged. The error tars denote the standard 
error. Note the logarithmic s::ale. 

far lESS contaminated than torrnto fruits or ~ heads. 
Thus, the exreptional ability of zt..KX:hini to a::::cumulate SJI'TB 

organic compounds such cs polychlorinated dibenzo-p-dioxins 
(PCDDs) from roil39 or water40

•
50 wcs not ol:mrved for 

PF~. 
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The edible part/lffif transfer foctors provide insight into the 
proce>:.ES governing PFAA occumulation in the edible parts. 
Transpiration is low in fruits and in the~ hEa:l (which is 
tightly packed in IEEVES). The material for their developll"Bnt is 
provided by the phloem sap, which is produced in the IEEVES. It 
is thus to be expocted that PF~ will reach the fruits prirrnrily 
via phloem sap. The efficiency of the lffif to fruit transfer of 
PF~can bea:;.c:e;.c:ed using the edible part/lffiftransfer foctor. 
All valUES were <1 in all caxs (SI Figure S5), with valUES cla;e 
to 1 for PFBA and PFPeA for ~ and torrnto. Be:atse 
the:e two compounds rorb very little and transpiration is low 
from the edible parts, valUES cla;e to 1 can be expocted. The 
edible part/lffif transfer foctor wcssimilar for most compounds 
in zt..KX:hini and cabbq:Je. For torrnto it c:locrEa3ed exponentially 
with incf"Effiing chain length, and the diterence between PFBA 
and PFUnA amounted to >3 orders of ~nitude. A poffiible 
explanation for the diterent transport in the phloem sap is 
diterena:s in the phloem sap composition, for example, 
different proteins. 

Transpiration Stream Concentration Factor. The 
transpiration stra:m conrentration foctor (TSCF) c:le:crib:s 
the translocation potential of compounds from roots to rerial 
plant parts. Normally the TSCF is the conrentration of the 
chemical in the transpiration stra:rn divided by conrentration 
in roil pore water.46

•
51 Be:atse diroct I'TBESUffii'TBnt of the 

concentration in the transpiration strEml wcs not poffiible, we 
EStirrnted the TSCF by dividing the rna;s of the PF~ in the 
rerial plant parts by the PFAA conrentration in the nutrient 
rolution multiplied by the volui'TB of water transpired by the 
plant: 

TSCF = [concninfoliege(ng/g) x foliegewt(g)]/ 

[concn in nutrientsolution (ng/ml) x water transpired (ml )] 

(4) 

Estimating the TSCF in this manner requirES the 
assumptions that the compounds are not degraded in the 
plant, no chemical elimination from the plant occurs (e.g., la;s 
of the compounds from the IEEVES to the atmosphere or back to 
the roots), and there is no other uptake pathway than through 
the roots (i.e., no ati'TlffiPheric deposition). Due to the high 
persistence of the PF~ and the low conrentrations of the 
PF~ in the above-ground parts of the control plants (no 
spiking with PFAAs of the nutrient solution), these 
assumptions are rEaSOnable. 

The TSCF valUES for ~. zt..KX:hini, and torrnto thus 
calculated rangEd betwren 0.05 and 0.23, with much lower 
valUES for the C12-C14 PFC~ (Figure 5). The TSCF valUES 
are relatively similar between compounds (generally a foctor of 
<2) and between plant spociES (generally a foctor of <2.5). 
There is, neverthelESS, a consistent pattern in the TSCF valUES 
between the plants, with zucchini having significantly lower 
TSCF vall.ffi than the other two tESted spociES for all 
compounds exrept PFDoA Be:atse the TSCF wcs al\1\fayS 
<1, the transfer from the nutrient rolution to the VEgetative 
parts of the plants wcs inhibited. The pattern over chain length 
is similar for all three plant spociES and shows a minimum for 
PFHXJ\ and a rrnximum for PFOA. This is alro comparable to 
the pattern for lettuce from our previous study, with the 
difference that rrnrkedly higher valUES were I'TBESUred for PFBA 
and the long-chain PFC~ (C > 10) in lettuce. 

There is no consistent trend with the carbon chain length of 
the compounds, and there is no correlation betwren TSCF and 
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Figure 5. Transpiration strean ooncentration fa::tors (TSCFs) for 
cciJI:xge, zucchini, and torrato. The rre3l1 RCFs from EHtl spiking 
level \/\ere averaged. The error bars denote the standard error. 

rreasure; of hydrophobicity such cs log Kow or log Dow (SI 
Table 814 ). Briw et al. reported that the TSCFs of non ionized 
chemicals depend on their log Kow valUES and found the 
highEst TSCF for compounds with a log Kow of around 2.51 As 
we discl..ffied in our pre.tious study,35 PFAAs do not fit this 
model, cs the PFAAs with a log Kow around 2 show the lOWESt 
TSCF vallffi, with the ex~tion of the long-chain PFCAs. 

Recently, Krippner et al? reported a small influence of pH 
on the uptake of PFDA in rmize roots, but found no influence 
of pH for C4-C9 PFCAs, PFBS, PFHxS, or PFOS. Due to very 
low pf<a valUES of PFAAs,52 the compounds are in their ionic 
form at environrrentally rele.rant pH levels. All plants in this 
study were grown in nutrient solutions with the sarre pH, so 
that interspeciES difurenCES cannot be explained by the 
influence of the pH. 

Differences between Functional Groups and Isomers. 
To~ the influence of the PFAA functional group on PFAA 
uptake from soil and distribution in plants, PFBS wcs compared 
to PFPeA, PFHxS to PFH pA, and L -PFOS to PFNA, l::a;at..re 
thEre are pairs of compounds with the sarre length of 
perfluorinated carbon chain. Furthermore, branched and lillEEr 
PFOS were compared to provide insight into the uptake of 
difurent isorrers. 

All PfS6.s had significantly higher RCFs than the PFCAs 
with the sarre number of fluorinated carbon atoms by a foctor 
of about 2-3. This shows that the uptake or adsorption is not 
only governed by the length of the fluorinated C chain, but 
rather by a combination of chain length and functional group. 
Higgins et al. carre to similar conclusions when inVEStigating 
the sorption of PFAAs to soils.47 They found that the sorption 
of su lfonatES wcs stronger than that of the carboxylic analogUES. 
The higher RCFs for PfS6.s corrESpond to higher valUES of 
93\/eral rreasure; of hydrophobicity. The modeled log Kow. cs 
well cs the experimentally determined log ko and log F'l' (SEe 
TableS14 in theSI) are generally higher for the PFS6.s than for 
their carboxylic analogl..ffi. However, this dOES not apply for the 
log Dow valUES of the compounds. 

In contrcst, there were few significant difurenCES in the 
TSCF betwren the PfS6.s and the corrESponding PFCAs. This 
suggESts that the functional group had a minor influence on the 
uptake of the chemical into the root vcscular tissue. 
CollSEquently, the stronger contribution of the sulfonate 
functional group to the RCF noted above is likely due to its 
contribution to a higher sorption to root surfoce tissue. 
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The transfer from IEEVES to the edible part wcs significantly 
higher for PFPe.A.. and PFHpA than for the corrESpOnding 
PFS6.s. No difurence wcs found between PFNA and L-PFOS. 

A preference for the root uptake of the lillEEr PFOS over the 
branched PFOS wcs also found for all speciES, but the 
difurence wcs significant for only cabb:{je and tormto (Figure 
1 ). This might be attributable to the smaller molecular volurre 
of Br-PFOS rESUlting in lower root surfoce tissue/water 
sorption coefficients. However, no significant difurence 
between branched and lillEEr PFOS wcs found for the TSCF 
or the edible part/IEEf concentration foctor. 

Cloorly, sorre elements of the root uptake of PFAAs and 
their distribution in plants are influenced by the PFAA's 
functional group cs well cs its chain length. 

Implications for Human Exposure. PFAA concentrations 
in the edible part were relatively low. The EuropEEn Food 
Safety Authority (EFS<\) hcs defined tolerable daily intake 
valUES (TDis) for PFOA and PFOS of 1500 and 150 ng/kg 
body weight, re;pectively.53 PFOA and PFOS concentrations in 
the edible parts of plants grown in the 1 j..ig/L exposure 
concentration did not exceed 0.5 and 0.2 ng/g frESh weight, 
rESpectively. Thus, to exceed the TDI for PFOA and PFOS, a 
person weighing 70 kg would need to EEt around 210 and 50 
kg, rESpectively, of the:e contaminated crop; daily, which is of 
course impa;sible. The concentrations of the short-chain 
PFCAs were higher than the PFOA concentrations by up to 
a foctor of ~23 in cabb:{Je and tormto and a foctor of~ in 
zucchini. Although no TDis for thEre compounds exist, their 
toxicity is reported to be lower than for PFOA 54 Becat..ts:l the 
concentrations of the most abundant PFAAs in tap and surfoce 
water are usually in the lower nanogram per liter range,18 

hydroponically grown crop;generallyshould not be a danger to 
hurmn hEEith. HOWe.ter, should plants be exp093d to much 
higher concentrations in soil or nutrient solution due to 93\/ere 
contamination, it is conceivable that TDI valUES could be 
exceeded and a risk for hurmn hEEith could occur. 

All edible part/IEEf transfer foctors were <1 in all c:axs (SEe 
above and Figure S5 in the Sl ), which indicatES that IEEfy crop; 
with open IEEVES, such cs spinach or sorre lettuce varietiES, 
a::cumulate higher amounts in the edible part than fruit-bEEring 
crop;. Thus, IEEfy crop; pose a higher risk for hurmn exposure. 

Mechanistic Description. The rESUlts of the pre:ent study 
can be sumrmrized in the following simple mechanistic 
de:cription of plant uptake of PFAAs from soil or nutrient 
solution and their distribution in plant tissue. PFAAs are taken 
up by the roots via the transpiration stream. With the exception 
of long-chain PFCAs (C > 10), their concentration in the 
transpiration stream entering the stem is ~15% of the 
concentration in the nutrient solution. The rmjority of the 
PFAAs that enter the stem are carried with the transpiration 
strEEm to the IEEVES, where the transpiration of the water rESUlts 
in local accumulation of PFAAs. From the IEEVES, all PFAAs 
with the exception of long-chain PFCAs (C > 11) are 
transported via the phloem sap to the fruit and stofC{Ie organs. 
LEffi PFAA a::cumulatES in the fruit than in the leavES, which 
can in part be explained by the lower transpiration rate from 
fruits. There are speciES-Specific difurenCES in the eft3ctivenEffi 
of this transfer: In cabb:{je and zucchini the efi:ctivenEffi is 
similar both across chemicals and betwren speciES, wherEffi in 
tormto there is a pronounced decra:m in transfer eft3ctivenEffi 
with incrEffiing chain length of the PFAAs. For the roots, there 
is a sacond accumulation mechanism in addition to the uptake 
with the transpiration stream, narrely, sorption to root surfoce 
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tissue, which is ESpECially important for the long-chain PFAAs. 
There wcs grESt consistency in this picture of PFAA uptake and 
distribution among the three plants studied here cs well cs the 
lettuce from the oorlier study, the most notable difurence ooing 
that lettuce also translocated long-chain PFCAs (C11-C14) to 
the above-ground plant parts. 

This rn:dlanistic c!Es:;ription is plausible on the bcsis of the 
current understanding of contaminant behavior in plants and 
PFAA propertiES. However, it is l::a:ed on controlled laboratory 
experil'l"Bnts in hydroponic solutions. Its applicability to plants 
growing in soil under field conditions needs to be 
demonstrated. The soil-related studiES found in the literature 
do not provide enough information to calculate pore-water 
concentrations. ConsEquently, we relieve that further exper­
imental work is required to further develop our understanding 
of soil to plant transfer of PFAAs. 
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